Most skin cancers develop as the result of UV light-induced DNA damage; however, a substantial number of cases appear to occur independently of UV damage. A causal link between UV-independent skin cancers and chronic inflammation has been suspected, although the precise mechanism underlying this association is unclear. Here, we have proposed that activation-induced cytidine deaminase (AID, encoded by AICDA) links chronic inflammation and skin cancer. We demonstrated that Tg mice expressing AID in the skin spontaneously developed skin squamous cell carcinoma with Hras and Trp53 mutations. Furthermore, genetic deletion of Aicda reduced tumor incidence in a murine model of chemical-induced skin carcinogenesis. AID was expressed in human primary keratinocytes in an inflammatory stimulus-dependent manner and was detectable in human skin cancers. Together, the results of this study indicate that inflammation-induced AID expression promotes skin cancer development independently of UV damage and suggest AID as a potential target for skin cancer therapeutics.
Introduction
Cancer development involves a cascade of genetic alterations that activate oncogenes and inactivate tumor-suppressor genes (1) . Some genetic alterations are caused by external factors such as UV light, ionizing radiation, chemical mutagens, and viral infection. The mutational mechanisms in cancers associated with these environmental factors have been well studied. However, the mechanisms of somatic mutations in cancers without an apparent environmental cause remain elusive. These somatic mutations are likely caused by endogenous factors, including ROS and DNA replication errors. We previously discovered activation-induced cytidine deaminase (AID), which induces both point mutations and recombination in Ig genes and diversifies the Ab repertoire in B lymphocytes (2) . In mice, AID overexpression caused spontaneous tumors in various organs with mutations in non-Ig genes (3, 4) . In addition, we demonstrated that AID is expressed in human hepatocellular carcinoma (5) , gastric cancer (6) , and colorectal cancer (7) . These observations suggest that aberrant AID expression causes mutations in various oncogenes or tumor-suppressor genes and that an accumulation of such mutations will result in cancer (8) .
Most skin cancers are caused by UV light; however, some occur independently of UV light and are caused by different mutational mechanisms. For example, squamous cell carcinoma (SCC), basal cell carcinoma (BCC), and melanoma can occur on skin regions that are not commonly exposed to UV light. Clinical data suggest that chronic inflammation, chronic ulcers, and scarring are important risk factors for skin SCC in people with a darker complexion, although the precise molecular mechanisms are poorly understood (9) . Therefore, in animal models, we examined whether AID is involved in UV-independent skin cancers. We found that AID expression is necessary for efficient skin cancer development. In addition, we demonstrated AID expression in human skin cancers (SCC, BCC, and melanoma) and head and neck cancers (SCC and melanoma) in the absence of prior UV exposure. These findings indicate that AID may be an endogenous mutagen involved in skin cancer development.
Results

AID overexpression in mice results in spontaneous skin cancer development.
We reported that Tg mice with ubiquitous AID expression under the control of the chicken β-actin promoter (CAG-AID-Tg) developed both T cell lymphoma and lung carcinoma (3) . These mice developed spontaneous melanoma, albeit at a low frequency, because of Tg AID expression in the epidermis ( Figure 1A ). Furthermore, immunodeficient nude CAG-AID-Tg mice (CAG-AIDTg nu/nu) developed psoriasis-like skin lesions after skin treatment with 12-O-tetradecanoylphorbol 13-acetate (TPA) ( Figure  1A and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI81522DS1). These findings suggest that aberrant AID expression is associated with cell proliferation-related skin lesions, such as hyperplasia, cancer, and psoriasis. Long-term observation of CAG-AID-Tg mice was impossible, because they developed T cell lymphoma and typically died within 40 weeks of birth. To resolve this issue, we generated a new Tg line of mice, K14-AID-Tg, using a construct in which the Aicda gene was placed under the control of the epidermal basal cell-specific keratin 14 promoter ( Figure 1B) . We selected the FVB/N strain as the genetic background, as this strain is highly Most skin cancers develop as the result of UV light-induced DNA damage; however, a substantial number of cases appear to occur independently of UV damage. A causal link between UV-independent skin cancers and chronic inflammation has been suspected, although the precise mechanism underlying this association is unclear. Here, we have proposed that activationinduced cytidine deaminase (AID, encoded by AICDA) links chronic inflammation and skin cancer. We demonstrated that Tg mice expressing AID in the skin spontaneously developed skin squamous cell carcinoma with Hras and Trp53 mutations. Furthermore, genetic deletion of Aicda reduced tumor incidence in a murine model of chemical-induced skin carcinogenesis. AID was expressed in human primary keratinocytes in an inflammatory stimulus-dependent manner and was detectable in human skin cancers. Together, the results of this study indicate that inflammation-induced AID expression promotes skin cancer development independently of UV damage and suggest AID as a potential target for skin cancer therapeutics.
Involvement of activation-induced cytidine deaminase in skin cancer development 2% of the AID observed in CIT-stimulated CH12, spontaneously developed SCC at approximately 90 weeks of age, but at a lower tumor incidence than that observed in K14-AID hi -Tg mice ( Figure  1 , G and H). Introduction of the nude mouse genetic background into the K14-AID hi -Tg line remarkably accelerated tumor onset and increased the number of skin tumors ( Figure 1 , G and H, and Supplemental Figure 2 ). Kaplan-Meier survival curves showed a significant decrease in the survival rate of the K14-AID hi -Tg line compared with the K14-AID lo -Tg line, whereas no difference was observed between the K14-AID lo and WT mice ( Figure 1I ). AID initiates, promotes, and progresses skin tumors in a chemically induced skin carcinogenesis model. An experimental mouse skin carcinogenesis model indicated that carcinogenesis is a multistep process with at least 3 major stages (12) . The first stage is initiation, which involves the mutagenic events of carcinogens. The second stage is promotion, which is induced by agents that promote clonal expansion of initiated cells. Chronic treatment of initiated skin with promoting agents results in benign squamous susceptible to H-Ras-induced SCC because of a T1267N amino acid polymorphism in Ptch1 (10) . We confirmed AID expression at the transcriptional and protein levels using quantitative reverse transcription PCR (qRT-PCR) and IHC, respectively, and selected 2 lines with relatively high and low AID expression (K14-AID hi and K14-AID lo ; Figure 1 , C and D). The K14-AID hi -Tg mice, which express 60% of the AID level detected in a mouse B lymphoma cell line (CH12) stimulated to undergo Ig gene recombination using CD40 ligand, IL-4, and TGF-β (CIT) (11) , spontaneously developed tumors of the skin and oral mucosa at approximately 50 weeks of age, which reflects the specificity of keratin 14 promoter activity ( Figure 1E ). Approximately 42% of skin tumors arose on the skin in the head and neck area (head, face, and ear), and the remaining tumors arose on the skin of the trunk and limbs (Supplemental Table 1 ). On the basis of a pathological evaluation, the mice were diagnosed with SCC, and immunohistochemical analysis revealed that cancer cells strongly expressed AID ( Figure 1F ). K14-AID lo mice, which express only skin tumors arising from DMBA alone had a 3-fold higher malignant conversion frequency than did K14-AID hi tumors induced by both DMBA and TPA (54% versus 18%, P < 0.0001, Table 1 ). When SCC and papilloma were separately counted 20 weeks after DMBA treatment followed by repetitive TPA administration, the number of papillomas per mouse was moderately higher in K14-AID hi mice than in WT mice (21 versus 15, Table 1 ), whereas the number of SCCs per mouse increased significantly in K14-AID hi mice (4.6 versus 0.38, Table 1 ). Compared with the DMBA-plus-TPA protocol, DMBA treatment alone resulted in a decreased number of papillomas in K14-AID hi mice (from 21 to 3.0, Table 1 ), whereas the number of SCCs only slightly decreased (from 4.6 to 3.5, Table 1 ). These findings suggest that the K14-AID transgene is a potent driver of malignant conversion and a mild tumor promoter.
To determine whether endogenous AID contributes to chemically induced skin carcinogenesis, we treated AID-deficient mice (2) with DMBA and TPA. Because C57BL/6 mice are resistant to chemically induced skin carcinogenesis, we used AID-deficient mice on an FVB/N background, which harbor homozygous Ptch1 T1267N alleles. We found that when compared with WT mice, AID-defipapilloma development. The third stage is progression, in which benign tumors progress to malignant SCC spontaneously or following additional carcinogenic treatments. To determine the stage in which AID participates, we treated K14-AID hi mice with 7,12-dimethylbenz[a]anthracene (DMBA) as an initiator and TPA as a promoter. In this model, after DMBA introduces a gain-offunction mutation in Hras1 codon 61, TPA induces cell growth via the PKC-signaling pathway and, eventually, skin tumor formation (13) . However, DMBA or TPA treatment alone failed to induce tumors in WT mice ( Figure 2B ). In our experiment, compared with treated WT mice, K14-AID hi mice treated with DMBA and TPA showed a significant increase in the average volume and number of tumors (Figure 2 , A, C, and D). Surprisingly, treatment with DMBA or TPA alone induced tumors in K14-AID hi mice (Figure 2 , A, E, and F). These findings suggest that AID can partly substitute for DMBA or TPA in the carcinogenesis process and plays roles in the initiation and promotion of skin tumors.
The overall malignant conversion frequency was 7-fold higher in K14-AID hi mice than in WT mice following treatment with both DMBA and TPA (18% versus 2.6%, P < 0.0001, Figure 3A) . The number and incidence of oral tumors were significantly higher in K14-AID hi mice than in WT mice ( Figure 3B ). AID introduces gain-of-function mutations in Hras1 and loss-offunction mutations in Trp53. We identified genetic mutations introduced into the Hras1 and Trp53 genes in skin tumors from AID-Tg mice that developed SCC spontaneously or with TPA treatment alone ( Table 2 and Supplemental Table 2 ). Hras1 mutations were concentrated around G domains such as G13I (corresponding to the base substitutions c.37G>A and c.38G>T); G13V (c.38G>T); and Q61L (c.182A>T) (Figure 4 , A and B, and Supplemental Table  2 ). These mutations convert H-Ras to a constitutively active form by inhibiting GTP hydrolysis, which subsequently initiates carcinogenesis (18, 19) . In addition, the Hras1 mutation frequency was higher in mice that developed SCC with TPA treatment alone than in those that developed SCC spontaneously, suggesting a stronger dependence on Hras1 activation in TPA-induced SCC development in AID-Tg mice (Table 2) .
In more than 90% of human skin SCC cases, p53 mutations are caused by UV exposure, and TP53 mutations are more common in the DNA-binding domain (20, 21) . Trp53 mutation analysis in K14-AID-Tg mice with spontaneous SCC identified several mutations with amino acid substitutions in the DNA-binding domain (Figure 4C and Supplemental Table 2 ). Several mutated Trp53 alleles detected in the K14-AID-Tg mice were predicted to express functionally compromised p53 proteins on the basis of the International Agency for Research on Cancer (IARC) TP53 database (ref. 22 and Supplemental Table 2 ). TP53 hot-spot mutations found in codons 247, 248, 278, and 281 in human skin SCC were not identified in K14-cient mice treated for at least 18 weeks with both DMBA and TPA exhibited a significantly lower average number of tumors ( Figure  2 , A and G). When treated with TPA alone, the AID-deficient mice often had a lower tumor incidence than did WT and heterozygous mice, although this difference was not significant ( Figure 2H ).
Previously, IgG-induced FcRγ activation in the microenvironment was reported to be important for skin cancer development (14) . Because IgG is not produced in AID-deficient mice, our findings may reflect a lack of IgG rather than a lack of AID expression in keratinocytes. To examine this possibility, we introduced the AID-deficient allele into Ig-deficient mice through cross-breeding with μMT mice on a C57BL/6 background (15). The resulting AID-deficient μMT mice (AID -/-μMT) exhibited a significantly lower tumor incidence following treatment with DMBA and TPA compared with AID-sufficient μMT mice (AID +/+ μMT), although the skin tumor-resistant C57BL/6 background reduced the overall tumor burden ( Figure 2I ). These results indicate that endogenous AID participates in chemically induced skin carcinogenesis.
To determine whether AID contributes to squamous cell tumor formation in a different tumor model, we examined a chemically induced oral carcinogenesis model developed using 4-nitroquinoline 1-oxide (4NQO). Similar to some carcinogens found in tobacco, continuous application of 4NQO to the oral mucosa of mice results in the formation of DNA adducts that cause mutations, eventually resulting in oral cancer (16) . Because the histological type of 4NQO-induced oral cancer is similar to that of human oral cancers, this model has been used to study tobacco-induced oral carcinogenesis (17) . When applied to the oral mucosa of K14-AID hi mice, 4NQO induced squamous papilloma and SCC development throughout AID-Tg mice ( Figure 4C ). Because mutations in codons 247, 248, and 278 are considered to be introduced by the UV light-induced pyrimidine dimer formation of CC>TT (UV signature mutation: ≥60% are C>T at the dipyrimidine site, with ≥5% being CC>TT) (23) , the absence of these mutations may be expected in K14-AIDTg mice. None of the Trp53 mutations previously identified in UV-or DMBA-induced murine skin tumors were observed in K14-AID-Tg mice (24, 25) . The most common base substitution observed in K14-AID-Tg mice was a C-to-T transition or G-to-A transition on the opposite strand ( Figure 4D ). This pattern is the preferential footprint of cytidine deaminases such as AID and apolipoprotein B mRNAediting enzyme catalytic polypeptide-like 3 (APOBEC3). This pattern is distinct from DMBA-induced mutations, in which A-to-T transversion is dominant (>60%) (25) . This tendency was observed in Trp53 mutations of DMBA-plus-TPA-induced murine skin SCC (ref . 25 and Supplemental Tables 3 and 4 ). The AID mutation signature is considered a C-to-T transition preceded by G or A (26), whereas a C-to-T transition preceded by C or T is characteristic of APOBEC3 mutation (27) . Among the 10 observed C-to-T transitions in the tumor Trp53 sequences, 3 (30%) mutations were 5′-flanked by G ( Figure 4D ). In addition, we examined mutations in AID-Tg mice with TPA-induced SCC using a different promoter (CAG-AID-Tg) and identified a Q61L mutation in Hras1 and a frameshift mutation in Trp53 (Supplemental Table 2 ). These results suggest that AID overexpression contributes to Hras1 and Trp53 mutagenesis, which is responsible for skin tumor development. induces senescence in human cells and is often inactivated in human cancers, including SCC (29, 30) . We recently reported that aberrant AID activity in human and mouse gastric cells introduced genetic mutations into the CDKN2A and Cdkn2a genes and reduced the copy number at the CDKN2A locus (31) . As observed in a gastric cancer model, immunohistochemical analysis of spontaneous SCC from K14-AID-Tg mice failed to detect p16 Ink4a , suggesting that p16 inactivation may be a common feature of both human and mouse SCC (Figure 4I and Supplemental Figure 3 ). Further investigation is needed to determine whether AID is involved in p16
INK4a/Ink4a inactivation in skin SCC.
AID is induced in keratinocytes in an inflammatory stimulus-and UV-dependent manner.
Although AID is physiologically expressed in B cells, its expression level is low in epithelial cells. To determine whether endogenous AID expression is induced in the epidermis, we used IHC to evaluate AID expression after applying TPA to the skin of FVB/N mice. We observed that TPA treatment induced endogenous AID expression ( Figure 5A ). Furthermore, we analyzed TPA-induced AID expression levels using qRT-PCR and found that relative AID expression in TPA-treated epidermis was approximately 5% of that in CIT-stimulated CH12 cells and 9% of that in the K14-AID hi -Tg line (Supplemental Figure 4) . To investigate whether AID expression is induced in cultured keratinocytes, we stimulated human primary cultured keratinocytes with various agents and analyzed them using qRT-PCR. Following our previous report that AID expression is increased in mouse B cells in the presence of CIT (11), we treated the keratinocytes with CIT and observed oscillations in AICDA expression ( Figure 5B ). AICDA expression was further enhanced by cotreatment with TPA and CIT and was induced by a single-agent treatment with LPS, TGF-β, or TPA. Surprisingly, AICDA expression was induced by ultraviolet B (UVB) irradiation and further increased by a combination of UVB and IL-1β in human cutaneous SCC (HSC1) and melanoma (G361) cell lines ( Figure 5B ). We found that single-agent treatment with Poly I:C, which consists of dsRNA, could induce AICDA expression. These results indicate that endogenous AID can be expressed in keratinocytes in a stimulus-dependent manner.
SCC in AID-Tg mice shares common molecular characteristics with human SCC. In various human SCC cases, EGFR is hyperactive and activates RAS, which subsequently activates MAPK signaling (28) . We investigated whether MAPK signaling or the alternative AKT pathway was activated in AID-induced SCC by analyzing signal transduction in K14-AID-Tg mice with spontaneous SCC. A transcript analysis revealed that mRNA expression of the tumor-promoting genes Ccnd1 and Egfr correlated with expres- 5′-flanked by G (Supplemental Figure 5B) . This pattern was consistent with the mutational signature preferred by AID. These findings suggest that chronic epidermal stimulation using TPA results in an accumulation of Trp53 mutations via upregulation of endogenous AID, albeit at a low frequency. AID is expressed in human skin cancers and in histologically related head and neck cancers. To confirm whether AID is expressed in human skin cancers, we examined its expression in clinical samples of skin cancer, head and neck cancer, and related precancerous lesions ( Figure 7A and Supplemental Table 6 ). Following anti-AID immunostaining, we detected AID-positive cells in human cutaneous SCC, BCC, melanoma, and precancerous lesions of Bowen's disease and actinic keratosis. Interestingly, psoriasis, an inflammatory skin disorder with acanthosis, was positive for AID. Furthermore, we detected AID-positive cells in human head and neck SCC (HNSCC), melanoma, and related precancerous lesions of leukoplakia and lichen planus. In addition, we examined AICDA transcript levels in frozen samples of human skin cancer and head and neck cancer ( Figure 7B ). AICDA transcripts were detected in SCC, BCC, and melanoma, and their expression levels were at most approximately 10% of those in a Burkitt's lymphoma cell line, BL2. To clarify whether AICDA transcripts were derived from B lymphocytes that had infiltrated tissues, we examined the samples for CD19 expression ( Figure 7B ). CD19 expression did not correlate with AICDA expression, thus excluding the possibility of B lymphocyte contamination in the tissues.
We performed a statistical analysis to determine whether AID expression in human skin cancer and head and neck cancer was associated with patients' clinical characteristics and demographics (Table 4) . Overall, 42.5% of skin cancers and 44.4% of head and neck cancers, including precancers, were AID positive. According to histological type, the AID positivity rates were 33.3% (SCC), 15.4% (BCC), and 42.9% (melanoma) among skin cancers and 40.0% (SCC) and 25.0% (melanoma) among head and neck cancers. Patients' sex and age were not associated with AID expression levels. Skin specimens with cancers thought to have resulted from UV exposure tended to be AID positive, although this finding was not significant (P = 0.062; 95% CI, 0.980-14.226). Among head and neck cancers, early tumor, node, metastasisstage (TNM-stage) disease (stage 0, I, or II) showed a significantly stronger association with AID expression than did late-stage disease (stage III or IV; P = 0.047; 95% CI, 0.998-125.644). Tobacco and alcohol use, which are the major causes of head and neck cancer, were not associated with AID expression. Preoperative neoadjuvant chemotherapy was significantly associated with impaired AID expression in HNSCC (P = 0.049).
To further substantiate TPA-induced AID expression, we used a genetic lineage-tracing approach (32) to track cells that expressed or had previously expressed AID in the epidermis. Aicda-Cre and R26R double-Tg mice (Aicda-Cre R26R), in which AID promoterdriven Cre recombinase irreversibly induces lacZ expression, were used to identify cells with a history of AID expression ( Figure 6A and refs. 33, 34) . Aicda-Cre is a line of bacterial artificial chromosome (BAC) Tg mice that harbor the whole Aicda genomic locus with a targeted insertion of the Cre-coding sequence (35) . R26R is a Cre reporter strain in which a loxP-flanked neomycin gene with a transcriptional terminator and lacZ gene are inserted into the ubiquitously expressed Gt(ROSA)26Sor locus (36) . In agreement with the known distribution of AID expression, lacZ expression was observed in germinal center B cells in Peyer's patches from AicdaCre R26R mice, but was rarely detectable in the thymus ( Figure 6 , B-D). Although gross examination of nontreated skin from AicdaCre R26R mice revealed little lacZ staining ( Figure 6E ), microscopic analysis revealed very specific lacZ expression patterns confined to the root sheaths adjacent to sebaceous glands and dermal papilla located at hair bulbs (Figure 6 , F and G). This AID activity localization has not previously been reported, and its physiological significance requires further study. In the TPA-treated skin of Aicda-Cre R26R mice, intense lacZ staining was observed around the hair follicle upon gross examination ( Figure 6H ), and microscopic analysis revealed distinct lacZ-positive cell populations in focal areas of the interfollicular epidermis, inner and outer root sheath, dermal papilla, and hair bulb matrix ( Figure 6 , I-M). In addition, we identified sporadic lacZ staining in fibroblastlike cells in the dermis and muscular layers ( Figure 6I ). In TPAtreated skin of R26R single-Tg mice, weak and diffuse background lacZ staining because of endogenous β-gal activity was observed, whereas staining was absent in the hair follicles or interfollicular epidermis ( Figure 6 , N-P). These findings indicate that AID is physiologically expressed in parts of the hair follicle. Under TPAstimulated conditions, AID-expressing cells migrated into the interfollicular epidermis, or newly generated AID-expressing cells emerged from the epidermis.
To investigate whether stimulus-triggered endogenous AID expression could introduce mutation, skin samples from AIDdeficient mice and littermate FVB/N WT mice were treated with TPA alone twice weekly for 21 weeks, and the epidermis was analyzed for Trp53 mutation. We identified Trp53 gene mutations in WT mice and a significantly higher mutation frequency in WT mice than in AID-deficient mice (Table 3 and Supplemental Figure 5A) . Notably, 60% (6 of 10) of base substitutions in WT mice were C-to-T transitions, in which 67% (4 of 6) of mutations were Figure 6A) , and 67.4% (29 of 43) of the base substitutions comprised C-to-T transitions, in which 48% (14 of 29) of mutations were 5′-flanked by G or A (Supplemental Figure 6B) . These results indicate that the TP53 mutation pattern in non-sun-exposed regions is consistent with the pattern induced by AID activity.
Discussion
Here, we have described the contributions of AID in a mouse model of skin cancer and considered its implications in human skin cancer. Tumor incidence was increased in a mouse model of chemically induced skin cancer in response to Tg AID expression; however, it was decreased by Aicda gene disruption. Moreover,
TP53 mutations in human cutaneous SCC in the UV-protected regions show predominant C-to-T transition.
Clothing is the first line of defense against the sun's UV rays, and therefore genital skin is among the areas most protected against UV light on the human body. Most skin cancers of the male and female external genitalia are therefore attributed to reasons other than UV light. However, the precise pathogenic mechanism is not clear, except for cases involving human papilloma virus (HPV) (37) . The current version of the IARC TP53 mutation database (22) contains a total of 88 cases of cutaneous SCC of the male and female external genitalia. To investigate the TP53 mutation patterns in cutaneous SCC of sun-protected regions, 45 cases without HPV infection, radiation treatment, or hereditary predisposition were selected for analysis. Analysis of non-UV-induced TP53 mutations in these external human skin cancer and head and neck cancer expressed AID, suggesting the role of AID during carcinogenesis in human stratified squamous epithelium. The chemically induced murine skin tumor model represents a critical step in the history of cancer research, because it provided the first indication that cancer occurs through a multistep process. Similar rodent tumor models that incorporate DNA mutagens have been developed, including the induction of oral epithelial cancer by 4NQO (16) and small intestinal tumors by azoxymethane (AOM) and dextran sodium sulfate (DSS) (38) . Using a skin cancer model based on our AID-Tg mice, we demonstrated that AID-Tg mice spontaneously developed skin tumors in the absence of carcinogen treatment, the incidence of which increased dramatically in immunodeficient nude mice compared with that observed in immunocompetent mice. Hras1 mutations, including Q61L, which is induced by a chemical mutagen (DMBA), were observed in skin cancer tissues from AID-Tg mice without DMBA. Trp53 mutations were identified in a pattern consistent with a mutational signature preferred by AID. We found that AID expression could be induced in human keratinocytes by several stimuli, including inflammatory cytokines (TGF-β and IL-1β), bacterial antigens (LPS), and UV irradiation. Furthermore, several types of driven cell proliferation, but also AID-mediated mutagenesis. The percentage of papillomas that progressed to SCC was significantly higher in AID-Tg mice than in their WT littermates. Our findings, and those of a previous study that demonstrated enhanced malignant progression of chemically induced skin tumors in p53-KO mice (46) , are compatible with a view in which genomic instability accelerates tumor progression to a more malignant state (47) . A recent whole-exome sequence analysis of DMBA-plus-TPAinduced skin SCC in mice revealed that the pattern of genetic changes during progression from papilloma to SCC is distinct from the DMBA signature (25) . TPA-induced AID expression may underlie genetic changes during progression to SCC. Because the keratin 14 promoter is active in thymic epithelium, the K14-AID transgene may perturb T cell development, the dysregulation of which may be a major contributor to frequent skin tumor development. However, tumor enhancement by the K14-AID transgene on a nude mouse background, which lacks T cells (Figure 1 and Supplemental Figure 2 ), contradicts this possibility. Augmented skin tumor incidence was reported in carcinogen-or UV light-treated nude mice without the AID transgene (48) . This and our studies may reflect effective T cell-mediated immunity against murine skin tumors.
Next, we will discuss the potential involvement of endogenous AID in murine tumor models. We previously reported that endogenous AID expression was required for malignant tumor progression in a mouse model of intestinal cancer by comparing tumor frequencies between AID-sufficient and -deficient mice that both harbored deficiencies in a gene encoding the immunosuppressive cytokine IL-10 (49). In the present study, we performed a similar experiment using a skin cancer model and reached the same conclusion: AID deficiency decreases tumor incidence. Furthermore, we repeated this experiment in the absence of B lymphocytes to eliminate indirect effects from a lack of Ab diversification by class switching and somatic hypermutation, both of which are triggered by AID. Even this strict comparison between the presence and absence of AID activity in non-B cells supported our conclusion.
Tg AID acts as a mutagen, thus substituting for the DMBA requirement and synergizing with TPA. Unexpectedly, in a mirror experiment wherein TPA was omitted, AID synergized with DMBA, although the effect was not as strong as that observed with TPA. How does AID exert this tumor promoter-like activity?
Tumor promotion is traditionally defined as an effect that causes clonal expansion of initiated cells. AID could stimulate cell division through at least 2 possible mechanisms. One hypothesis states that AID perturbs the DNA methylation status and epigenetic regulation of gene expression. Previous studies have shown that AID is required for OCT4 and NANOG promoter demethylation in somatic cells (39) and for genome-wide DNA demethylation in primordial germ cells (40) . If AID causes DNA demethylation in the promoter regions of oncogenes, the consequent transcriptional upregulation may stimulate cell proliferation (41) . Another explanation for AID-mediated cell division is compensatory proliferation after cell injury. Recently, we reported that CAG promoter-driven AID-Tg mice developed peculiar structures in the lung alveoli, which express lung regeneration markers such as p63, keratins 5 and 14, and LGR5/6 (42). Increased apoptosis in the lungs and livers of AID-Tg mice, with reported AID cytotoxicity in cultured cells (43) , led us to speculate that AID may indirectly stimulate cell division in vivo as a physiological response to AID-induced tissue damage. A similar compensatory proliferation that predisposes mice to liver cancer was previously reported (44) . This mechanism of cell proliferation may explain the weak tumor-promoting effect of the K14-AID transgene. Tissue injury involvement is suggested because of the distribution of spontaneously developed skin tumors in K14-AID-Tg mice, which were concentrated in the head and neck regions where an association with scratching could be suspected (Supplemental Table 1) .
A previous study showed that long-term treatment with TPA alone resulted in SCC development of BALB/c mice, suggesting that TPA is a weak carcinogen (45) . That earlier finding may be explained by our finding that TPA induced AID expression in keratinocytes. Therefore, the action of TPA may involve not only PKC- Whereas skin cancer on non-sun-exposed areas is not very common in lighter-skinned people (i.e., those of mixed European ancestry), it is common in people of color, which traditionally refers to those of Asian, African, Middle Eastern, Hispanic, and Native American descent (9) . It has been proposed that the p53 mutations identified in skin cancers occurring in sun-protected areas are caused by poorly characterized non-UV factors. Our analysis of the IARC TP53 database confirmed a predominant C-to-T transition in human cutaneous SCC of UV-protected regions such as the penis and vulva, supporting the hypothesis that C-to-T transitions in the non-sun-exposed areas are caused by cytidine deaminases. Half of these C-to-T transitions were 5′-flanked by G or A, the preferential target of AID.
A case of human HNSCC with AID expression was previously reported (58) . Another group reported AID positivity in 37.0% of human HNSCC cases, with early-stage cancers more frequently expressing AID than late-stage cancers (59). Our results from human HNSCC samples, together with these previous results, support the role for AID in the development of human HNSCC.
Remarkably, all human precancers examined in this study exhibited positive AID staining (1 case of Bowen's disease, 7 of actinic keratoses, 2 of leukoplakia, and 1 of lichen planus), a 3-fold higher rate than the average rate among cancers, although the number of samples was small. A high rate of TP53 mutation was reported in lichen planus (60) , consistent with the general notion that precancerous lesions have already accumulated somatic mutations. The fitness of cancer cells may be compromised because of excessive mutations if AID expression continues after full malignancy ("Muller's ratchet;" ref. 61 ). Therefore, established cancers might downregulate AID expression to avoid harmful mutations.
Furthermore, we examined 5 cases of human psoriasis, all of which were found to be AID positive. Psoriasis is an inflammatory keratosis of unknown etiology without a cancer predisposition. A strong inflammatory milieu may be responsible for AID induction in keratinocytes. The development of psoriatic lesions was observed in CAG-AID-Tg mice on a nude background, but not in those on a normal C57BL/6 background. Further studies should address whether AID expression is a driver of psoriatic changes or merely a consequence of dermal inflammation.
What is the physiological role of AID expressed in the epidermis and head and neck mucosa? Intriguingly, fate mapping demonstrated a unique localization pattern of AID in hair follicles. One possible explanation is that this phenomenon may be part of an antiviral defense mechanism. APOBEC3 proteins play a role in innate immunity by deaminating cytosines in viral and retrotransposon genomes (62) . Similarly, AID induction by Poly I:C in keratinocytes and melanocytes may play an as-yet uncovered antiviral role.
Our present findings demonstrate that the mutagenic enzyme AID responds to stimuli originating from both outside and inside the epidermis (Figure 8 ). Various external stimuli such as bacterial LPS and viral dsRNA, UVB, and TPA can induce AID expression. On the other hand, cytokines released from dermal cells stimulate keratinocytes to express AID. If induced AID expression in keratinocytes contributes to carcinogenesis, therapeutic strategies targeting AID may effectively prevent skin cancer and head and neck cancer.
Although the AID expression level is lower in keratinocytes than in B cells, AID definitively influences tumor incidence and likely does so by increasing the mutational frequency.
A previous report demonstrated AID expression in a restricted population of T cells (33) . It is difficult for us to formally exclude the possibility that AID expression in T cells is required for DMBAplus-TPA-induced skin tumors. A formal test of the involvement of AID in keratinocytes during skin tumor formation would require a mouse strain with a keratinocyte-specific Aicda gene KO, which is unavailable at present.
In the present study, the main Trp53 mutation pattern observed in the tumor samples ( Figure 4D ) and nontumor epidermal samples stimulated by TPA (Supplemental Figure 5B) was a C/G to T/A transition with mutational signatures compatible with that of AID. In contrast, the mutations observed in Hras1 did not resemble the cytidine deaminase footprint. Hras1 mutations appeared to emerge as a result of vigorous positive selection that favored its constitutive activation. AID can cause mutations other than the C/G to T/A transition through indirect mechanisms involving DNA mismatch repair (50, 51) and topoisomerase 1 (52) . Therefore, it is not surprising that G-to-T or A-to-T mutations are caused by AID, albeit at a low frequency.
Cancer diversity is recognized not only in the mutated gene repertoire but also in a variety of mutational mechanisms. Recently, a genome-wide mutation analysis of human cancers identified mutational signatures compatible with mutations caused by AID and APOBEC family members (53) . However, it may be difficult to assess the contribution of each cytidine deaminase in individual cases of human cancer. It has been postulated that AID acts on transcribed single-stranded DNA and preferentially mutates cytidines in the WRC motif (W is A or T; R is A or G) (26, 54, 55) . On the other hand, T or C is often the 5′-flanking nucleotide of APOBEC3s-induced C-to-T transitions (27) . We found that when the skin of FVB/N WT mice was treated with TPA alone, 67% of C-to-T transitions in the Trp53 gene were preceded by G (Supplemental Figure 5B) . The same signature was observed in Trp53 gene mutations from the spontaneous SCC from K14-AID-Tg mice ( Figure 4D ). These results suggest that some C-to-T transitions are caused by AID, although it may be impossible to determine the responsible enzymes for each mutation solely on the basis of the 5′-flanking nucleotide.
A particularly intriguing finding is that AID expression is induced by UVB irradiation in human keratinocytes. Among the TP53 gene mutations identified in human nonmelanoma skin cancers, C-to-T transitions located at dipyrimidine sites (UV signature mutation) are common and more frequent than those observed in internal organ cancers (21) . Nonetheless, some mutation patterns cannot be explained by UV-induced mutational signatures. These patterns may instead be explained by AID-induced DNA damage or oxidative DNA damage via the production of 8-hydroxydeoxyguanosine by UVB irradiation (56) . A previous study showed that UVB irradiation promotes skin tumor formation in mice treated with DMBA alone, suggesting that UV light can act as a tumor promoter and synergize with DMBA (57) . The role of UV light in facilitating skin tumor formation may include not only its direct DNA damage but also indirect damage via AID, in addition to AID-independent cytotoxicity resulting in compensatory cell division, as discussed for AID. ensembl.org/index.html) for ENSMUST00000026572 (Hras1) and ENSMUST00000005371 (Trp53). Amino acid sequences of mouse p53 in SCC from K14-AID-Tg mice were compared with those in human p53. Data for TP53 somatic mutations in skin SCC were downloaded from the IARC TP53 database (version R16, November 2012) (22) . Primer and probe sequences are shown in Supplemental Table 5 . IHC. Formalin-fixed, paraffin-embedded (FFPE) mouse tissue sections were stained using an avidin/biotin system with rat monoclonal anti-mouse AID Ab MAID-2 (66); rabbit polyclonal anti-cyclin D1 Ab (C-20; Santa Cruz Biotechnology Inc.); rabbit polyclonal anti-EGFR Ab (sc-1005; Santa Cruz Biotechnology Inc.); rabbit monoclonal anti-phospho-p44/42 MAPK Ab (D13.14.4E, Thr202/Tyr204; Cell Signaling Technology); rabbit monoclonal anti-phospho-AKT Ab (D9E, Ser473; Cell Signaling Technology); and mouse monoclonal anti-p16 Ab (F-12; Santa Cruz Biotechnology Inc.). FFPE human tissue sections were stained using the avidin/biotin system with a mouse polyclonal anti-human AID Ab (67) . Endogenous epidermal AID expression 48 hours after treatment with 16 nmol TPA was detected using a tyramide signal amplification system with TSA Plus TMR kits (PerkinElmer) (68) . Images were obtained using a DM5000B microscope (Leica Microsystems).
AID fate mapping. TPA (16 nmol) was applied twice weekly to the shaved dorsal skin of 6-week-old R26R single-Tg mice and 6-weekold Aicda-Cre and R26R transgene double-Tg mice. After 6 weeks of treatment (13 doses), mice were anesthetized via an i.p. injection of 10 mg pentobarbital sodium salt and perfused from the left ventricle with fixative solution (2.2% formaldehyde, 0.2% glutaraldehyde, 1× PBS). Dorsal skin was resected and further fixed with the same solution for 30 minutes. Fixed skin was washed with 1× PBS for 30 minutes and with a detergent rinse (0.02% Nonidet P-40, 0.2 M sodium phosphate, pH 7.0, 0.01% sodium deoxycholate) for 30 minutes. Skin was developed using staining buffer (1 mg/ml X-gal, 1 mM magnesium chloride, 3 mM potassium ferrocyanide, 3 mM potassium ferricyanide, 0.1% Triton X) at 37°C for 20 hours. After macroscopic observation, skin was dehydrated in ethanol and embedded in paraffin. Deparaffinized 10-μm-thick sections were observed under a microscope.
Cell culture. Primary human adult keratinocytes were purchased from Kurabo and grown in HuMedia-KB2 serum-free medium (Kurabo). The human cutaneous SCC cell line HSC1 was purchased from the Japan Health Sciences Foundation (cell bank registration JCRB1015) and cultured in DMEM with 20% FBS. The human skin malignant melanoma cell line G361 was purchased from the Japan Health Sciences Foundation (cell bank registration JCRB9074) and cultured in McCoy's 5A medium with 10% FBS. Cells were stimulated in culture medium supplemented with 75 μg/ml LPS (L3137; Sigma-Aldrich); 100 μg/ml Poly I:C (P9582; Sigma-Aldrich); 50 ng/ml PMA (P1585; Sigma-Aldrich); 1 μg/ml human CD40 ligand (C6362; Sigma-Aldrich); 10 ng/ml human IL-4 (I4269; SigmaAldrich); 10 ng/ml human TGF-β (T7039; Sigma-Aldrich); 100 ng/ml human TNF-α (T0157; Sigma-Aldrich); and 25 ng/ml human IL-1β (200-01B; Peprotec). Cells were irradiated with 30 mJ/cm 2 of UVB using a UV irradiator (312 nm Bio-Link; Cosmo Bio).
qRT-PCR. Total RNA isolation and cDNA synthesis were performed as described in the Mutation analysis section. qRT-PCR was performed using QuantiTect Reagent (QIAGEN) and a real-time thermal cycler (Mx3000P; Stratagene). Gene expression levels were normalized to the expression levels of housekeeping genes (acidic
Methods
Mice. CAG-AID-Tg mice were described previously (3). CAG-AIDTg mice were backcrossed with nude mice (KSN Slc-nu/nu) over 5 generations to generate CAG-AID-Tg nu/nu mice. Nude mice (KSN Slc-nu/nu) were purchased from Shimizu Laboratory Supplies. The pG3Z-K14 cassette (a gift of Akira Kakizuka, Kyoto University, Kyoto, Japan) (63) was used to construct the K14-AID transgene. Murine Aicda cDNA was purified as a blunt-ended EcoRI-BamHI fragment from the pFB-mAID-IRES-GFP vector (64) and ligated into the blunt-ended BamHI-digested pG3Z-K14 cassette. The purified EcoRI-HindIII fragment containing the K14-AID transgene was microinjected into fertilized FVB/N eggs to generate K14-AID-Tg mice. AID-deficient mice (C57BL/6) were described previously (2) and were backcrossed with FVB/N mice over 5 generations. K14-AID hi -Tg mice were backcrossed with nude mice (BALB/cA Jcl nu/nu) over 5 generations to generate K14-AID hi nu/nu mice. The AID-deficient and K14-AID hi nu/nu mice, which bear homozygous Ptch1 T1267N alleles, were selected by screening as described in the next section and used for experiments. The AID-deficient (C57BL/6) mice were backcrossed with μMT (C57BL/6) mice to generate AID-deficient μMT mice. FVB/N mice and nude (BALB/cA Jcl-nu/nu) mice were purchased from CLEA Japan, and μMT (B6.129S2-Igh-6<tm1Cgn>/J) mice were purchased from The Jackson Laboratory. Aicda-Cre mice (35) Ptch1 T1267N SNP genotyping. The single allele-specific TaqMan MGB probe and primer sets for the Ptch1 gene were designed using Primer Express Software (Applied Biosystems) and Oligo Primer Analysis Software (Molecular Biology Insights). Mice possessing the T1267N polymorphism in Ptch1 were screened by an allelic discrimination assay, using genomic DNA from tail biopsies and a real-time thermal cycler (Mx3000P; Stratagene). The primer and TaqMan MGB probe sequences are shown in Supplemental Table 5 .
Chemically induced skin carcinogenesis. A multistage chemically induced skin carcinogenesis experiment was performed using DMBA and TPA as described previously (13) . A single 260-nmol dose of DMBA (D3254; Sigma-Aldrich) was applied topically to the shaved dorsal skin of mice. Two weeks after initiation, a 16-nmol dose of TPA (P8139; Sigma-Aldrich) was applied twice weekly to the skin for the duration of the experiment.
Chemically induced oral carcinogenesis. The 4NQO-induced oral carcinogenesis experiment was performed as described previously (65) . Murine oral mucosa was treated with 20 μl 4NQO (Wako) dissolved in propylene glycol (5 mg/ml) thrice weekly.
Mutation analysis. Total RNA was isolated from tissues using TRIzol Reagent (Life Technologies) and an RNeasy Mini Kit (QIAGEN); cDNA was subsequently synthesized using the iScript cDNA Synthesis Kit (Bio-Rad). PCR fragments were generated using Phusion Highfidelity DNA Polymerase (Finnzymes, Thermo Fisher Scientific). PCR products were directly sequenced, except those from tumors in CAG-AID-Tg mice and nontumor epidermis stimulated by TPA alone, which were subcloned using the Zero Blunt TOPO PCR Cloning Kit for Sequencing (Invitrogen) and sequenced. Sequences were compared with those in the Ensembl Genome Browser database (http://www.
